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Sub-Systems for Optical Frequency
Measurements: Application to the 282-nm
19 Hg+ Transition and the
657-nm Ca Line
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Absiract— Wea arc developing laser frequoncy measure-
ment technologica that shaulil allow us to construct an opti-
cal froquency synthesis systom capable of mensuring optical
frequencies with a precision limitod by the atomic [requency
standards. ‘The systermn will be nsed to intereonnect and
compare new advanced optical-frequency reforences (such
as Ca, Hgt, and othors) end eventually to connect these
referenees to the Ca primary frequency standared, The ap-
proach we are taking is to subdivide optical frequency in-
tervals into smaller and smaller picces until we aro ablo to
use sbamdard eloctronic-frequency-measuroment technology
to measuro Lho smallest interval.

L. INTRODLUGTION

A, Doypain-Engineered Lithivm-Niobale
for Optieal Syntlicsis

ne MRAYL optical-frequency-mcasurement systemn wonld

be constructed (rom self-siinilar {frequency dividing
units that use compact lagers and shinple nonlinear optical-
mixing elements. These should be easy to assemble and
run reliably. With this goal in mind, we have con-
structed and evaluated the performance of a wamboer of
diode-laser systerms and optical-mixing stages, We have
made progress in falwicating and using periodically poled
lithinvm-niobate (PPLN) nonlinear erystals for most of the
nixing stages in our optical synthesis system. With ox-
tended cavity diode lasers {LLCDLY and a CO Av = 2 lasor,
we have Logied those erystals for practicality and efliciency
in sceond harmonic generation (STTGY, sum-frequency gen-
eration (BI'G), difference-frequency  generation {DIPG),
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1. Becond harmonin power v erysinl tomperature nsing 5 oW of
1315-nm diade Taser radiation to produce 200 W of B67-am light in
a gingle pass through a 20-mm long PPLN erystal. This is adequnte
power to phase lock the 1315-mn laser o the 657-nm reforenen laser,

and even third harmonic genceation (TTTC) [1]. By de-
signing and fabrieating the crystals for spocific inlerac-
tions we can achieve officient: nenlinear mixing (IMig. 1}
Onptical-grade lithimn niobate (transparency windaw from
330 1o 5500 nn} is readily available, and periodienlly poled
crystals are now heing produced commercinlly with vari-
ous poling periods. DBecanse not all of the poling periods
that we needed were available, we develaped owr own pal-
ing capability at NIS'T. ‘L'he poling is done by the electric
fleld moethod, and we have now poled & monlber of samples
with poling periods vanging from 8 to 36 jan.
Deomain-engineerod mnatorials {of which PPTN is by far
the moest common) are a poweelinl and practieal tool for
the peneral task of optical-frequency synthesis [2]. We
have used PPLN for a wide vange of nonlinear mixing
applications, some of which are summarized in Table T.
For example, wo have explored all possible combinations
of mixing among three imporlant wavelengths (563, 657,
el 3925 nm) usod {n ouwr present synthesis sehome, By
pure luck, these mixings requive the saue poling poriod
(12.6 pm) that we necd for SHG of 1314 min to reach
657 nm. Muether evidence for the useluluess of this ma-
terial as an optical mixer included wenls blue and green
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TARLET
CHARACTERTSTICE OF THE DIFrERENT PPLN STades INVOLVED 1N THE S10ineg,

'I’LN stage SHG#1  SHG#2 DI'G#1  DIFG#2 SHG DI'G DI'G DG pREG
Test Toal, Lest, Tesl, Tesat
Period, gm 20,5 125 1206 314 d3.7 12.6 22.2 30,75 31.0
lemperalure, 2O 87 24 3l KL 87 31 [ 83 A2
A in, nm 3925 1308 563 1308 3378 657 K10 1064 LA
3925 3025 a63 1064 2002 2860
Peweere in, mW 100 b 15 4 200 4 5l 300 300
Ll & ) 250 €40 48
A outi, nm 1962 G54 GaT 1962 1684 3925 4383 1080 1G94
Powwer onb, nW 2500 200 A000) 150 oo 1 4000 2800 2500

beams that we observed coming oul of a crystal designed
for frst-order DFG using 800 nm minug 1064 nm Lo pro-
dnee 3.4 g These shiort wavelength beams were the two
SHG signals and the SFG signal thal were phagc-matehed
at slightly difforent angles and high ordors of the pol-
ing poriod [1]. In a special case, it was oven possible to
achicve THG of a ow laser ab 3561 nm as a resnlt of
cascaded sceond-order nonlinearities that simultanconsly
phasce-matched SHG and sum frequency mixing,

Donain-engincered matcrials snch as PLLN might be-
gir: to play the role of a universal optical mixer. Unfortu-
uately, optical nonlinearitios arve tiny in cowmparison with
what can be achicved ab lower frequencies with microwave
harmonle mixer diodes, for example. Using low powor ow
lasors, we are hasically limited to socond-order optieal non-
lincarities that do not create high order mixing products
officiensly. In addition, sowe technical challenges still limit
the uscfuliess of PPLN in the short wavelength regions,
for example SHG to the UV, Some of these eases require
poling periods that are so short that they are diffiendt to
[abricate with the proseni state of poling technology. As
wentioned proviously, going to higher order in the poling
period (3, 5, 7 ... )} is an alternative in some cases, but
the efficiency drops rapidly as (1/order}®. Also, the opti-
cal power levels that can bo genovated in the visible/UV
regions can be limited by photo-refractive effects. This,
however, ig not a serious problem for use in optical syn-
Lhesig because we do nol require high powcers. Fulure nsc
of waveguide mixing devices could be attractive, although
waveguide technology is more challenging when the wave-
longths are very different. '

I1. ConnEcTION TO (0o LASERS

With a dependable connection betwoen visible wave-
lengths using the CO Aw = 2 laser (~90 THz) and PPLN
mixing crystals, we wanted to explore the possibilily of
stopping between diode laser wavelengths separated hy a
CQOy laser froquency (~30 TIIz). Three COg laser steps
would then be able to span the CO Av = 2 lagar lrequency
itborval. Thus, we set np an experiment to sum an RCDIL
at 844-nm wavelength with a COy lasor rwming on the
R;(38) transition in the 10-pm band of the normal CO5

isotopomer at & 10.134-pm wavelongtlL

The nonlinear erystal used for this experiment was
Ags Auls with a transpareney window between 600 nm and
13 pem. Phase matching ocomrred at an anglo of 22.6° with
both input beans in ordinary polarization. Input powers
of 250 W at 10 pgm and 1 mW al 844 nm led Lo an
ontput power of 25 uW (efciency: =1 x 104 1) at
780 nm with extraordinary polarization. A beoatnote with
a 25 dB signul-to-noise ratio (SNIR) i s 10-kTIz resolution
bandwidih was suflicient to phase lock a sceond 1O at
780 nm o Lhe sum signal.

This experiment, demonstrates the possibility of divid-
ing the eoarser steps of the CO Aw -+ 2 laser mixing
stages phase cohorently with a COjp lasor. Tho COs laser
frequeney could then be moeasured againgt Cs with a fre-
quoney chain (3], (4], but would not be required.

I, PrELDMRARY MuasunreMinT o rar 1Tat
TRANSITION

Mixing of optical frequencies in PPTN opens the possi-
bility for an accurale measurement of the Heg'l clock tran-
gition at the 282-nm wavelength [5] using the Ca stan-
dard [6] as o frequency reforenee. The Ca frequency of
the 'Salm = 0) — *P(m = 0) transition at »{Ca)
455 D86 240.494 MHz has heen measured by PTR against
Cs with an uncertainly of -:135 Hz [7]. Even though the
He+ standard holds great promise for o luture oplical {re-
quency sbandard because of the vory narrow optical cloclk
transition 25 sy =2 Dy p(F = 0 — 17 = 2, Amj = 0} with
a natural linewidth of Aw =« 1.7 Hy, its ahsolute froquency
is relatively poorly known.

Our scheme to measure the Hgt transition is hased
on two fortuttous ‘coincidences’, namely one-hall the Hgt
frequency v(FHg") = »{Ca) -- v(Ca)/6 and »(Ce)/6 ~
w{CO), where v{CO) is the frequency of a OO Ay = 2 lasor
aperated on the Pag(156) transition. Henee, we can use the
CO lager as a transler oscillator between the two optical
standards, Deeanse the 282-nm transition in Hgt ean be
interrogated with o frequency-doubled dye laser oseillating
at a 563-nm wavelenglh, the CO Av = 2 lasor can connect
between the Ca reference and the dye laser [requency.

Using a PPLN crystal with a 12.6 pm poling period,
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wo generated o dillerence signal between the dye laser fro-
auency (#(2HgT)) and the CO Av = 2 laser frequency
r(COY. With input powers of 15 W and 70 mW, re-
speclively, we genorated 5 pW in the dilference signal. A
beatnote between this signal and the $CDL from the Ca
reference was achicved with a 3.6-Gl % offsel, and a 20-d13
SN in a 100-kIz bandwidth, Careful alignment of the CO
laser resonator and cenlbering the CO Aw = 2 laser on its
gain curve lend o a preliminary measurement of the Ig*
transition frequency, v(IFg™) = | 064 721 600.4 420 MHz.
Knowledge of the COQ Av = 2 laser frequency was obtained
by gonerating anothar beat signal with a CO Awn - : 1
laser ronning on the Py(12) fransition and a 20-GH# mi-
crowave gouree in seventlh mixing order on a MIM diode.
By centering both lasers carvefully on their gain cnrves, the
CO Av = 2 lasor froguency could be estimated from the
heatnote lrequency and the proviously measived value of
the CO Aw = | laser froquency (8] with an nueortainty
of 10 MHz. This moeasirement of the 1Tgt optical clock
transition froquency relalive to Ca i a proof-of-prineiple
demonstration of owr meagurement techinique along onr
poth toward » more precise measurement of the gt stan-
dard, To achicve an uncertainty of less than 1 k12, wo will
also measure the CO Av =+ 2 lagor requency relative to
the Ca froquency (Mg, 2).

For this purpose, the CO laser is stabilized by phasc
locldng it {with a [requency offset) to the [requeney dif-
ference, {1 HgT) — »(Ca). The use of different nonlinear
mixing stages in PPLN poamits an efllective imultiplica-
tion of six times the CO laser hequency for comparison
with »{Ca}. An TCNDL with a Dequency {11 ab a L3-
jan wavelength is phase locked Lo 3 x #{CO) and at the
same time froqueney-doubled Lo 2 x {1}, which is near

@

Power Spectrum, 10 dB/div.
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I, 3. Beat sigual botween the doubled ©O laser (SHGH#H1) and
the difference sigual between Lhe 13011 and the CO laser (DFGH2)
used for plase-locking the BODL {center froquency, 21.7 Mz apan,
b MUz fdiv; Power, 10 dB/div, and resalotion bandwidih, 30 LkIlz).

v(Ca), An oplical [reguency comb genorator will provide
the necessary connection between p{Ca) and 6 x #{CO). A
vahie for ihe CO laser transition frequency will then give a
new accurale value for the freemoney of the Het ion clock
Lransition.

A difference signal (DFGH 1) between #{CO) and
p(%HgT) with a power of 3.5 pW is generated in PPTN,
and = beat sipnal with a 3.6-Gllz offset (o »(Cn) can be
used for phase locking the CO lasor. We have demonsirated
phase locking of the CO laser by an acousto-oplie modn-
lator with a SNH of A0 AR in a 300-TTz bandwidth.

Anathor PPLN crystal allows doubling of the CO laser
frequency #(CO), delivering 2.5 W of power in the second
harmonic (SNG#1) at a 1962-nm wavelength, The STTGHEL
raclintion can be nsed to genoamte a beal signal with the
diflerence fregnoney (DIG#2) hetween the BCDLL and the
CO laser at a 1962-nm wavelength that is generated in a
third PPN for a divide-hy-lhree schome of the LCDL. We
achieved a 150-nW DI'G#2 signal with input powers of <4
and 80 W for the KCDI and the CO laser, respectively,
leading to a boatuole of 55-dl3 SNR in a 30-kHz handwidth
betwean the SHGHL and DFG#2, We have shown that
this beat signal ean be used for phase locking the 15CDTL
to the third harmonie of the GO laser {(I71g. 3).

A lost PPLN erystal is used for denbling the BLCTT,
(STIGH2) 1o 2 x (D1}, elose to the Carefercuce frequency
#{(Ca), A power ol 200 nW in the SHGH2 was achicved
using b mW of inpid power of the KCODIL.

All of the required nonlinear mixings, beatnotes, and
phase locks have now been demonsivated, The last remain-
ing slep is to opoarate 1he whole systern sinmitanconsly
and to measnre the 2.24-THz freguency gap hotween the
SHGH#2 at 634 mn and the Cooreforenee at 857 nm. This
interval will be brideed by an optical froquencey comb gon-
erator (9], [10] that is ewrreutly being huilt by our group.
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Lrig. A, Diagram ol proposed optical {freqguency measurerent syatom
to connect the Hg+ and Ca reforences to the Cs clock. Uhis rolics
o the subunits desoribod previously, and we have adided two new
lasers: one at T88 nm thal bisects the frequency interval botween 563
and 1315 nm, and one at 760 mmn that bisccts the frequency inter-
val botweon 563 and 1126 mn (é the 563-nm lasor [requency). LUhe
boxes labeled “DEG PRPLNY imply dilference [reguency generation
in periodically poled lithium niobate.

TV. ROUTE FROM TIHIE VISIBLE 70 TIHE CESIUM CLOCK

Our next major step is to measure the frequencios of
Hg" Ca, and other importani oplical relerences relative (o
thie primary Cs atownic requency standard. The scheme we
are developing for this purpose is diagramed subsequently.

Three separale but interconneeted, frequency biseetions
are indicated in Fig. 4; those roguire making the difforence-
frequency hatwoen cach end point and tho nid point cqnal.
Alternatively, these could be hnplomented by the SHG
plus SFG hiseotion method deseribed by Toelle of ol [11],
Whichever approach is wmost appropriate can boe chiosen for
the particular wavelengths iuvolved. Until recontly, wo lud
planned to contimie the {roquoncy chain shown in g, 4
by using ('Qg lasers as described in Scetion 1. However,
our present plan is to take advantage of the revolution-
ary new resulis from Udemn el al [12] who have shown
that it is possible to measure frequency intervals as largoe
as 20 TIIz using femtosecond mode-locked lasers, Using
Lheir method, we plan to measure the interval betwoeen the
788~ and 750-nm (~19 THz) lines shown in g, 4 with a
pulsed Tisapphire laser and, additionally, to measnre the
interval between #(657)a, and the v(657) 5, the bisector
of the interval between 563 and 788 min (=~ 0.283 TIIz)
with # comb gencrator. Shmultancous measuremends of
ihe 19.1-THy interval (Arq) and the 0.283-THz intorval
{Awy) vield the frequency of hoth Ca and %Hg+ with re-
speet to cesium: p(3HgT) = 28 X Ay — 8 X Awp and
{Ca) = 24 x Arp — 8 x Awy. Much work remaing
to he done, however, with these new improved Lools, such
asg ciode lasers, PPLN, and mode-locked lasers, and, with
some of the suggestod sehomes disenssed, we bollove that
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a path te precige ophical freguency measuremoents is clear,
We also feel thak these new measurement systenis are com-
ing togethor just as the optical references are also reach-
ing interesting performance levels, The hope is these opti-
cal standards will bo able to compete favorably with mi-
crowave standards in torms of stability and acenracy.
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